Abstract-By using different fiber types as gain medium such as 500 m HNLF, 215 cm Bi-EDF, 7.2 km DCF, 11 km DCF, 18.2 km DCF, as well as the composition of Bi-EDF with 11 km DCF and finally the composition of Bi-EDF with the 18.2 km DCF, Raman gain was characterized and measured by the same set up as proposed in our study. The results revealed that the composition of Bi-EDF with the 18.2 km DCF provided the highest effective Raman gain among the other fibers investigated.
INTRODUCTION
Nonlinear effects In optical fiber provide optical amplification which can be attained through stimulated Raman scattering, stimulated Brillion scattering or stimulated four waves mixing. In fact, this can be fulfilled by injecting a high power laser beam into the undoped or doped optical fiber. Overcoming the limitations of the bandwidth as well as noise figure (NF) is of the most noteworthy advantages of Raman amplification [1] [2] [3] . In comparison with the other nonlinear processes, Raman amplification has the flexibility of selecting the gain medium and self phase matching between the pump and signal together with a broad gain-bandwidth or high speed response [4] [5] [6] [7] [8] . Distributed Fiber Raman Amplifier (FRA) which makes use of the transmission line as a Raman gain medium is a promising technology available for the long haul communication systems, especially for Dense Wavelength Division Multiplexing (DWDM). It should be noted that WDM requires simultaneous amplification of multichannel lightwave signals. Also, for repeaterless transmission, optical gain is required for compensation of the fiber loss measurement of Raman gain [9] . FRA is typically used for the purpose of amplifying the optical signals in the optical fibers which works based on transferring the power from the pump beam to the signal via Raman interaction between the light and vibrational modes of the glass [10, 11] . The advantage of using FRAs in transmission systems is that it is obtainable in any conventional transmission fiber. Only high pump lasers are required to be launched with the signals, and there is no excess loss in the absence of pump power. FRAs may deliver negative noise figures [12, 13] , while the Erbium Doped Fiber Amplifiers (EDFA) have at least 3dB noise [13] . The broad Raman gain bandwidth is around 60 nm in terms of Full Width at Half Maximum (FWHM), which itself is important in the wavelength division multiplexed system. The pump wavelength determines the gain spectrum of a Raman amplifier i.e. The operation window is adjustable [13] . Furthermore, the multi-wavelength pumps technique increases and flattens the bandwidth by simultaneously pumping at different wavelengths [13] . As the fiber Raman amplification is very significant, predicting the magnitude and shape of the Raman gain spectrum of different fibers as a gain medium is definitely needed. In this paper, a method is developed to measure the Raman gain and spectra for different fiber types as high nonlinear fiber (HNLF), dispersion compensation fiber (DCF), and Bismuth-erbium doped fiber (Bi-EDF).
II. PRINCIPLE OF OPERATION
In the design of long-haul systems, low noise amplifiers should be used as they are critical for the system performance. One method for obtaining high signal to noise ratio is using the backward Raman amplification. The best performance in an amplifier chain is obtained by using the lowest noise amplifier at the input end of the chain. However, the noise performance is degraded by losses in the input of the isolator (which is sometimes inserted to remove the backward propagation ASE) as well as losses in the multiplexer [10, 11] . These losses simply add to the noise figure of the fiber itself. Nonetheless, when the pump is arranged to counter-propagate with the signal, the need for the multiplexer and its associated losses at the amplifier input will be removed. Provided that the amplifying fiber is short enough and the input power is well below the saturation power, the inversion at the fiber input can be still kept high, ensuring a low noise figure. The output power will be maximized as the full power of the pump is available at the output. This will lead to a high saturation power [10] . Moreover, lifetime of Raman amplification will be as short as 3 to 6 Is [11] . This virtually instantaneous gain can result in a coupling of pump fluctuations to the signal. The typical way to avoid such deleterious coupling is to make the pump and signal counter propagating, which has the effect of introducing an effective upper-state lifetime equal to the transit time through the fiber [10, 14] . Hence, it is better to use Raman in counter pumping scheme with signal input to get higher gain with various gains medium.
III.
MEASUREMENT OF THE FIBER RAMAN GAIN Fig. displays the overview of Raman gain measurement. The experiment is to measure the peak Raman gain in the optical fibers. This experiment focuses on the effective Raman gain which is also called Raman gain coefficient over the effective area, gR/ A effi a more practical parameter than the Raman gain coefficient in a Raman amplifier. Measuring the actual Raman gain coefficient is more complicated since the gain coefficient depends on Ge02 concentration varying across the index profile [10, 15, 16] . For this reason, only gR/ A e ff is investigated and measured so-called pump on and off technique.
However, we may estimate the peak effective Raman gain coefficients by multiplying the measured gR/ A e ff with calculated A e ff at pump and peak signal wavelengths or the average of measured A e ff at pump and signal peak wavelengths. The evolution of the pump, P p , and signal, F; powers along the gain medium in a Raman amplified system can be expressed by the following equations. When the pump is off, the output signal power is attenuated due to the fiber loss [11] . accumulation causes the transmitted information to be corrupted. The most important source of noise is amplified spontaneous emission (ASE), which is an unavoidable byproduct of gain in all optical amplifiers. In the case of Raman amplifiers, ASE is generated by spontaneous Raman scattering [11, 17] . The Raman gain measurement was performed on different fibers by using the setup as shown in Fig. 1 . The Raman pump source was used centered at 1455 nm. The amplitude spontaneous emission laser source (ASE) was applied as a signal input. Backward Raman pump (RPU) was used in order to cancel out the polarization effects and amplitude fluctuations from the pump to signal [16] . Different kinds of fiber were used as gain medium which were called the fiber under test (FUT). The optical spectrum analyzer (OSA) measured the output signal power in the cases of pump-on and pump-off. The major advantage in this setup is the fact that the signal input power, the losses due to fiber attenuation at the signal wavelength, imperfect fiber connectors or system function of the circulators need not to be known. A fair comparison is to compare the output power from a fiber with the Raman pump on and off. In this set up different fibers produce different gain as shown in Fig. 2 and Fig.3 . (1) When the pump is on, the signal is amplified and the output signal power becomes [10]:
By substituting (1) and (2), the effective Raman gain is obtained [10] where P p ump is the pump power launched into the fiber spool, L is the length of the fiber spool and L e ff is the effective length calculated by
eff -
This reduces to Leffto 1/a for long fibers and equal to L for short fibers, where «attenuation of pump in dBm/Km. The gain is polarization dependent and is at maximum when the polarizations of signals and pumps are aligned.
In addition to gain, Raman amplifiers produce noise. It is vital to know how much is produced because noise G, the pump on/off gain in dB is determined by [10] 
A. Fiber Types as a Gain Medium for Raman Gain Investigation
Recently, optical nonlinear technologies are attracting attention as the next-generation technologies for controlling and managing light directly. Highly-nonlinear optical fiber (HNLF) has been developed as an optical fiber suitable to enhance these nonlinear phenomena [18] . In this paper, 500 m HNLF was used. This fiber has the characteristics of -0.1 ps/nm/km dispersion at 1550 nm, a nonlinear coefficient of 11. (W km) 1 and an effective area of 11.6 f.!m 2 [18] . In spite of high nonlinear coefficient, this fiber cannot increase the gain too much because of the very small negative dispersion. Therefore, other types of fiber are examined.
Dispersion compensation fiber with different length of 7.2 km, 11 km and 18.2 km are prepared for experiment. This kind of fiber has the characteristics of 5 dB insertion loss, -49 ps/nm/km dispersion at 1550 nm, a nonlinear coefficient of 7.3 (W km) -1 and an effective area of 20 f.!m 2. According to (2) , although the HNLF has smaller A e ff and higher nonlinear coefficient than DCF, long length of DCF and high negative value of dispersion result in higher Raman gain in DCF compared with HNLF.
Generally, to provide more capacity, next generation DWDM systems will extend their spectral bandwidth besides boosting the optical modulation speed. Bi-EDF is an advanced erbium-doped fiber which allows both compactness and great broadband transmission capability (Extended C+L band) [19] . Long length of silica EDFs are used in today's L band amplifiers because these have been the only technology available. However, the new Bi-EDF can now allow you to considerably shorten the length of EDF as well as extending the spectral bandwidth. 215 em Bi-EDF and high erbium concentration as 3250 wt. ppm allow the Bi-EDF to be used in more than one order of magnitude shorter length than the conventional EDFs. Hence, reducing the nonlinear effect and dispersion is also allowed. So, this kind of fiber is the best choice for Raman amplification [19] . The composition of DCF and Bi-EDF has been done for complete characterization.
In this experiment, different values of Raman pumps are fed to the system to observe the effects on gain. Firstly, the pump is turned off and only the signal from ASE passes through the fiber gain. Then the backward Raman pump is turned on and tuned to different powers. Afterward, the gain of the amplified signal is measured by OSA. Fig. 2 shows the different gain from different gain medium. Although HNLF has higher nonlinear coefficient than the DCF, it is not suitable for Raman amplification. HNLF is more probable for four wave mixing (FWM) than Raman amplification. According to (2) , by increasing the length of the fiber, the amplification should be increased. However it may not be compact, but high gain overcome to bulkiness. Hence, 18.2 km DCF has the highest gain among HNLF, Bi-EDF alone and the other length of DCFs. As a result, it is chosen to be composed with Bi-EDF. By increasing the Raman pump power the gain is also increased. In Fig. 3 , the complete compositional Raman gain of the Bi-EDF glass with 11 km and 18.2 km DCF is also investigated and measured using the pump on-off method. In this measurement, the composition of Bi-EDF and 18.2 km DCF provides the highest Raman gain, among the other fibers, which is greater than 45 dB gain. The gain spectrum of the Bi-EDF amplifier is around 80 nm after being pumped at wavelength of 1455 nm. This kind of fiber can amplify C+L band communication windows. Bi-EDFA is a promising candidate for broadband signal amplification around 1555 nm. Table I summarizes the value of Raman gain at 800 mw Raman pump and the room temperature for different gain medium. These values are average of the amplified power obtained from OSA and are checked with Optical Power Meter (OPM). If ASE is replaced with tunable Laser Source (TLS) at the 1555 nm, the composition Bi-EDF and 18 km DCF reveals multi-wavelength fiber laser. It means that by using this gain medium, multi-wavelength fiber laser can be produced. The power conversion efficiency (PCE) of 20% was obtained using 1455nm pumping and 215 em length of the doped fiber.
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IV.
EXPERIMENTAL RESULTS
Figure. Fig. 2 , the average power for ASE when pump is off is around -54 dBm. When the pump is on, the signal began to amplify until the power is saturated. HNLF amplifies the signal by around 6 dB. Different pump power of 400 mw, 600 mw, and 800 mw were applied to the system. The gain is increased by increasing the Raman pump power. So, all the Raman gain is shown at 800 mw power. Raman gain for 7.2 km DCF is more than HNLF. 11 km DCF has higher Raman gain and also broadband gain bandwidth in L band. This is continued for Bi-EDF and 18.2km DCF. As shown in Fig. 3 , composition of 18.2 km DCF and Bi-EDF can generate gain amplification in C+L band with 45 dB gain and 20% PCE, which is higher than Raman PCE of around 11%. In addition, multi-wavelength fiber laser is obtained with more than 30 dB OSNR. By using composition 18.2 km DCF and Bi-EDF, this setup has a number of attractive features. It provides a gain of greater than 45 dB across 80 nm and can cover the lowloss region of the transmission fiber across the C and L bands. In addition, multi wavelength Raman fiber laser can be achieved by using counter pumping scheme with the input signal. In addition, the Bi-EDF exhibits a very high fiber nonlinearity which can be used for realizing the new nonlinear devices such as wavelength converter as well as the laser source [20] [21] [22] , and can be used for the DWDM optical system, which is an enabling technology to fulfill a demand of bandwidth in the modern information age. A multi-wavelength laser comb can be also achieved by using a four-wave mixing effect in a backward pumped Bi-EDF.
VI. CONCLUSION
This paper measured the gain characteristic of different fiber types as a gain medium with different lengths. The composition and characteristic of the Bi-EDF and its optical performance with 1455 nm Raman pump excitation have been compared to the current HNLF and different length of DCF. It is revealed that the composition ofBi-EDF and 18.2 km DCF is able to achieve the amplification and can significantly reduce the complexity and cost of the optical amplifier. The Bi-EDF is also capable of producing high quantum efficiency amplifiers that significantly benefit the optical amplifier designers.
